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Abstract— This work presents a study of the evolution of the 
reflectance spectra of porous silicon as-growth and with thermal 
oxidation under controlled conditions. Porous silicon layers were 
prepared by electrochemical anodization of a silicon substrate p+ 
in an aqueous solution of hydrofluoric acid and ethanol. 
Multilayer structures were formed on the basis of porous silicon, 
two different layers were realized by controlling the refraction 
index of each one of the layers using the Bruggemann model, in 
this case for multilayer as-growth, and subsequently a dry 
oxidation was performed to observe the change in refractive 
index and reflectance. A model that contains the refractive index 
of silicon, air and silicon oxide is used for predicting the behavior 
of the reflectance spectra. With this model is possible to control 
the width of the reflectance spectrum of the band pass or also 
called Distributed Bragg Reflector (DBR), DBR were 
characterized and measured by SEM and UV-VIS spectroscopy. 
Reflectance spectra were obtained and we can see that the 
annealing provoked a shifted towards the ultra violet (UV). These 
changes on reflectance and refractive indexes indicate that 
oxidation processes can modify the multilayer porous silicon. The 
optical band gap energy (Eg) was obtained from 4.36 to 3.98 eV 
to the DBR. These low cost devices open the way to the 
development of optical sensing in UV entirely based on silicon. 
Keywords: Porous Silicon; Thermal oxidation; 
Multilayer;reflectance spectroscopy: ultraviolet (UV). 
I.  INTRODUCTION  
Porous silicon (PS) is a versatile material with potential 
applications such as light emitting diodes [1, 2], 
photodetectors [3], gas sensors [4, 5], among others. PS can be 
considered as a silicon crystal having a lattice of nano-sized 
air holes in it. Thus, the refractive index of PS is ranged the 
1.1 to 3.5, leading to fabrication of optical devices. Some 
recent reports shows that nanostructured oxidized PS exhibits 
a wide band gap (Eg) [9], which can be useful in fabrication of 
short-wavelength devices. For example, UV-reflective 
coatings are known to be useful in optical devices such as 
laser, Fabry-Perot filters, microcavity mirrors, or Distributed 
Bragg Reflectors (DBR) [6-8]. However, until now structural 
colors have not provided appropriate UV-reflection properties. 
A structural color that also exhibits UV-reflectance would be 
desirable. For an effective optimal UV sensing, the optical Eg 
energy of a material needs to be higher than 3 eV. According 
to Suemune et al. [10], the pore sizes must be reduced less 
than 2nm for PS to reach this Eg value, and it is difficult to get 
such small sizes of uniform PS layers from traditional 
anodization methods. In addition the PS has a strong 
dependence on the chemical properties of the environment. 
When PS has been passivated with dry oxidation, this 
improvement their behavior optical over time [23]. Oxidized 
PS has greater sensitivity than its non-oxidized counterpart. 
[11, 12]. Such oxidation produces a reduction in the refractive 
index of the PS film, resulting in a lower refractive index 
contrast available for multilayer structure fabrication. 
Reducing the refraction index contrast has a large impact on 
the performance of multilayer optical devices, such as DBR. 
These are easily produced by varying refractive index, 
alternating the electrochemical current flowing through 
highly-doped p-type silicon during anodization. The porosity, 
hence effective refractive index of each layer, is determined 
by the current density [13]. When each layer of refractive 
index high/low is alternated and has an optical thickness of 
one quarter of the wavelength of the incident light is reflected 
wavelength constructively. In this work the formation of PS 
multilayer (PS-ML) structures deposited by electrochemical 
etching to obtain DBR is reported. The refraction index of air, 
silicon and silicon dioxide were obtained by using the 
Bruggemann model to predict the maxima position of the 
reflectance peaks in the UV region. With this model was 
possible to obtain PS multilayer (PS-ML) structures with 
reflectance peaks in the UV region. We choose the value for 
the c-Si refractive index in the near-UV region, where we can 
observe that c-Si as an inconsistent material, due to the effects 
of scattering and absorption. However, the reflectivity of the 
Bragg mirror is obtained with a simple and relatively cheap 
method. Also, the Eg was obtained from 4.36 to 3.98 eV to the 
DBR. Therefore, it is suggested that the product would be a 
suitable candidate for applications in short-wavelength devices 
such as UV photodetectors since the formed structures are 
nano-sized SP with wide band-gap [14, 15]. 
I. EXPERIMENT 
Porous silicon layers were obtained by electrochemical 
anodization of p-type boron-doped (100) polished crystalline 
silicon (c-Si) wafers with resistivity ρ=0.01-0.02 Ω-cm. The Si 
substrates were submerged in a 20 % hydrofluoric acid (HF) 
solution to eliminate native oxides. The electrochemical 
etching was carried out using an electrolyte based on HF (40 
%) and ethanol (99.6%) in the volumetric ratio of 1:1. A 
power supply Keithley model 2400 was used to deliver the 
current controlled by a PC. The schematic used in this work is 
described in Figure 1. The porosity percent and the thickness 
of the samples were measured by gravimetric method [15]; it 
was applied a current density (J) in the range of 1–140 
mA/cm
2
 over 1.0 cm
2
 of exposed area (S) of the Silicon 
substrate. It is possible to calculate the etching rate for each J 
knowing the thickness and the etching time. In this way, we 
have estimated porosity and thickness for PS monolayers 
obtained at selected J values in the range of 1–140 mA/ cm2. 
Figure 2 show the (a) porosity P (%) and (b) the etching rate 
results, as a function of J. In the case of porosity, we can 
obtain values above 35%.  
 
 
 
 
Fig. 1. On the left show the electrochemical etching setup and the various 
parts of the etching cell. The images on the right shown schematic of porous 
silicon multilayer stack formation.  
 
 
 
Fig. 2. a) Porosity and b) etching rate (v) as a function of the applied current 
density.  
 
In order to obtain the refractive index of PS monolayers, we 
used the Bruggeman’s model [16], which uses an effective 
medium approximation. The Bruggeman’s approximation has 
proved to be a very good model to calculate the refractive 
index related to the porosity (Eq. (1)): 
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Where P is the porosity of the PS monolayer obtained, np is 
the refractive index of the air, which is the material filling out 
the pores (taking np = 1 in all cases). nf is the refractive index 
of the filaments of c-Si and nPS is the refractive index of the 
entire PS monolayers. 
PS-ML were evaluated by designing Distributed Bragg 
Reflectors (DBR) structures, which consist of a stacking of 
alternated PS layers with two different refractive indexes; for 
the DBR were proposed two central wavelength λ0=370 and 
400 nm and each one has 10 periods. A period consists of two 
layers with high (nH ) and low (nL) refractive index. We have 
taken into account the function ni (λ) (where i = H, L) and the 
condition ni di = λ0/4 for the thicknesses di. The DBRs as-
growth layers were stabilized in an oxygen atmosphere in two 
stages, first at 350 °C for 15 min and then at 850 °C for 10 
min. The optical response of the DBR structures was obtained 
doing reflectance measurements with a spectrometer UV-vis 
Thermo Scientific Evolution 600. The morphological analysis 
of prepared film was undertaken using a scanning electron 
microscope (SEM) Jeol JSM-7600F. 
II. RESULTS AND DISCUSSION 
It is assumed that the partially oxidized porous silicon 
consists of three components: c-Si, silicon dioxide and air, with 
refraction index nf, nSiO2 and np, respectively [19]. The 
refractive index for the above components was calculated using 
the Bruggemann model since the thickness of each SP layer is 
an order of magnitude smaller than the wavelength of light 
[17]. In Figure 3, the obtained nps (λ) versus selected PS 
porosities is plotted. It is observed in all samples not only that 
the wavelength value nps (λ) gradually decreases as the P (%) 
increases, but also that the refractive index is found in 
wavelengths less than 400 nm. The DBR were designed for 
selected values of λ0, using the optical parameters shown in 
Figure 3. 
Table 1.Optical parameters used in the design of DBRs at specific λ0.  
 
Sample 0

(nm)  
 
nH 
 
nL 
d (nm) 
 
L----H  
P% 
 
L----H 
M1 370 4.41 1.37 24.53 74 42 82 
M2 400 3.57 1.35 28.01 74.07 42 82 
 
 
Fig. 3. Refractive index values plotted as a function of the wavelength for 
several porosity values. 
Reflectance spectra for the as grown samples (M1, M2) are 
shown in Fig. 4. The strongest peak in both samples is 
observed in wavelengths around 450 nm. After annealing (Fig. 
4) the maxima shifts toward the near-UV region. It is 
commonly observed a blue-shift when the PS-MLs are 
oxidized in oxygen atmosphere. However, this shift is 
commonly observed on the near infrared region [20]. The UV 
shift can be attributed to absorption effect on the PS-ML 
structure after thermal annealing. This is important because 
recent reports character assumes that the response is 
unsatisfactory on UV [24-26]. The high frequency harmonic 
modes concentrate their energy in the low dielectric regions 
[21] and when the refraction indexes in both layers decreases 
their value allowing more high frequency harmonic modes than 
before the oxidation. It is observed a blue-shift by 
approximately 130nm in the two highest peaks (fig. 5). The 
decrease in the optical thickness occurs when the multilayer is 
oxidized, forming silicon dioxide with a refraction index 
around 1.5. This effect reduces the effective refractive index of 
the SP by introducing a shift in the maximum reflectivity peak 
[18]. We choose the value for the c-Si refractive index in the 
near UV interval, where we can observe that c-Si as an 
inconsistent material, due to the effects of scattering and 
absorption. Clearly the bandwidth of reflectivity peak and the 
fringes is less than expected. Because the samples are highly 
disordered, we expect that the disorder will lead to significant 
scattering at short wavelength, thus shift the fringes and 
reducing the bandwidth. Since c-Si absorption increases at 
short wavelengths, its effect can also change the expected 
reflectivity spectrum and further detailed study of transmission 
and reflection would clarify the relative contributions of 
absorption and scattering. It is apparent the fall of the 
reflectivity (~50%). 
 
Fig. 4. Reflectance spectra of Bragg reflectors before of oxidation. 
 Fig. 5. Reflectance spectra of Bragg reflectors after of oxidation. 
The obtained refractive index can only be explained as a result 
of three components: c-Si, silicon dioxide and air. The formed 
silicon dioxide produced by the chemical reaction between 
silicon and oxygen gas atmosphere in the annealing process 
increases the volume occupied by the solid base, i.e. decreases 
its porosity. As oxidation progresses, the refractive index 
gradually decreases as temperature increases until 800°C. 
According to the model [20], the porosity of each layer could 
to change from 82% to 62% and from 42% to 29%. It is 
evident that d, which initially increases almost linearly with the 
annealing temperature, also exhibits a tendency to saturation at 
higher temperatures [20]. Nonetheless, the decrease in n during 
oxidation prevails over the increase in d, causing the optical 
thickness to decrease on the whole [19]. Min-Liang et al 
asumed which the silicon and silicon-oxide nano-particles in 
the PS formed may be composed of core Si nano-particles 
embedded in silicon-oxide by the size of the filaments 
obtained. The average size of the core Si nano-particles can be 
closed about 2nm, which is a quantum size corresponding to 
the band gap energy of 3eV [9]. The optical band gap energy 
(Eg) of the PS-MLs can be extracted from the theory proposed 
by Kubelka and Munk [22], which makes possible to use 
Reflectance Spectroscopy, where [F(R∞ )hv]
2
=C(hv-Eg), F(R∞) 
is the so-called remission or Kulbelka-Munk function, hv is 
photon energy, and C is a constant.  
The reflectance spectra of the samples after Kubelka-Munk 
treatment are shown in Figure 6. The intersection between the 
linear fit and the photon energy axis gives the value to Eg. So, 
by this method the assignment of band gap can be made with 
certainty. The Eg of the PS-MLs increases with the heat 
treatment (Table II), corresponding to a photon wavelength of 
the reflectance spectra obtained. 
 
Table II. Eg values for the PS-MLs obtained from Kubelka-Munk treatment. 
 
Sample 0
 (nm)  Un-annealed 
Eg  (eV) 
Annealed Eg   
(eV) 
M1 370 3.11 4.36 
M2 400 3.10 3.98 
 
 
 
(a) 
  
(b) 
Fig. 6. Kubelka-Munk transformed reflectance spectra of samples M1, M2 (a) 
before (b) after annealing respectively. 
Figure 7 show the top views and cross-sectional of the SEM of 
the multilayer stack (a, b) respectively. From these 
micrographs indicates the thickness of the multilayer is of tens 
of nanometers. 
 
 
(a) 
 
(b) 
Fig. 7. SEM images of PS samples obtained the top views (a) and cross-
sectional (b). 
IV. CONCLUSION 
 
Porous silicon multilayer stacks were integrated in a 
structure known as Distributed Bragg Reflectors designed to 
behave as band pass filters and fabricated on p+ crystalline 
silicon wafers by an electrochemical anodization technique. 
The multilayers as growth were obtained and later were 
oxidized in a 02 ambiance, this passive improving their 
behavior optical over time, modifying the refractive index of 
each layer of the SP. This change in the refractive index was 
obtained for the three components c-Si, silicon dioxide and air, 
introducing a UV shift in the reflectivity spectra in average of 
130 nm. Showing the possibility of obtained Bragg reflectors in 
the UV. The oxidation implies a change in the structure, and 
the optical band gap of the multilayer is change too, as is 
calculated by Kubelka and Munk method. These experimental 
results open the way to development of UV optical sensing 
devices. 
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